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Abstract A life cycle analysis (LCA) for pyrolysis bio-
char systems was carried out to determine greenhouse gas
balance, carbon cycling, and the economics of biochar
production from different agricultural residues and wastes.
Investigating a range of feedstocks (forest residues, corn
stover, etc.) provided insight into the use of biomass resi-
dues rather than bioenergy crops as biochar production
substrates and the resulting energy and climate change
impacts. The analyses were conducted based on various
optimized pyrolysis parameters for corn fodder and forest
residue. The observed reductions of greenhouse gas (GHG)
emissions (CO2 equivalent per Mg dry feedstock) for both
corn fodder and forest residue were mainly contributed by
the stable carbon in the biochar. Corn fodder showed a
greater reduction in emissions than forest residue, indi-
cating the corn fodder’s greater economic potential for soil
sequestration of stable carbon. The relative GHG emission
analysis found that the optimization of a biomass pyrolysis
system for biochar production is better suited for soil
sequestration of stable carbon than as a fuel source. The
economic viability of the pyrolysis-biochar system is lar-
gely dependent on the costs of feedstock production,
pyrolysis, and the value of C offsets. The LCA reported in
this study can be instrumental in assessing the environ-
mental potential of biochar production and its application
in the region.
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Introduction
Combating global climate change and meeting the world’s
ever-rising energy demands are concerns which have
occupied researchers all around the world. The global
greenhouse gas emissions were estimated at approximately
32 Pg in 2008 [1]. Adding to this dilemma is an ever-
increasing world population which is creating an enormous
stress on our fragile planet. While carbon emissions
increased 6 times since 1950 [1], the same 75-year span has
seen the world population increase by 3-fold to almost 7
billion in 2011, and it is expected to reach the 9 billion
mark by 2050 [2].
Canada’s total GHG emissions for 2008 were estimated
at 702 Tg of CO2 equivalents (CO2e), of which nearly
10 % was contributed by the agricultural sector [3]. This
sector generates roughly 300 Tg of agricultural waste [4,
5]. Assuming 50 % recovery of carbon from this biomass
[6], one could sequester nearly 150 Tg of carbon dioxide
from the atmosphere, in the form of biochar, or about 20 %
of Canada’s GHG emissions.
An increased need of technologies with long-term sus-
tainable implications in the bioenergy sector has been
widely acknowledged. Biochar’s use as an energy source
[7], as a fertilizer when mixed with soil [6], and as a means
of reducing greenhouse gas emissions through the soil-
sequestration of carbon [8], has gained enormous attention
in recent years. Moreover, biochar can also have potential
positive effects on food security by reducing the amount of
food crops used for biofuel production [9].
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One of the most important current thermochemical
biomass-conversion technologies, pyrolysis is a process of
thermal decomposition of biomass under conditions rang-
ing from low oxygen (\1 % O2 v/v) to anoxia (no oxygen).
It converts organics to solid (charcoal), liquid (organics),
and gas (CO, CO2, CH4, H2) products. Their range and
relative amounts depend on process variables such as the
nature of the feedstock and the heating rate [10, 11]. Bio-
char production through pyrolysis has become an extre-
mely efficient and popular technology in recent years.
Life-cycle analysis (LCA) is a technique to assess the
potential environmental impacts associated with all the
stages of a material, service, or product’s life. The
approach involves careful calculation and evaluation of
parameters which might influence such impacts. As LCA
consists of the assessment and characterization of products,
systems, processes, and design [12], it can be said to follow
a ‘‘cradle to grave’’ approach. Highly useful in post facto
determination of the unwanted outcomes of a product’s use
or technology’s implementation, LCAs can also serve a
priori in facilitating appropriate decision-making to avoid
unwanted outcomes.
A LCA was carried out by Whitman et al. [13] to
evaluate corn stover feedstock production for cellulosic
EtOH production in three corn-producing regions in
Quebec for energy and greenhouse gas (GHG) impacts. In
this study, in-field processes such as corn stover produc-
tion, collection, transport, soil organic carbon (SOC) loss,
and N2O emissions, as well as background processes of
herbicide, fertilizer, seed, and fuel production and trans-
port were considered as the system boundaries. The sen-
sitivity analyses included the variation of the percentage
of corn stover collected, contrasted a multiple-pass with a
one-pass stover-grain collection system, and compared
mass, economic, and system expansion allocation meth-
ods. Their results showed that the total energy impact was
931–1,442 MJ t-1 dry stover collected under 15 % stover
collection, with stover harvest, transport, and field oper-
ations contributing most strongly to the total impact. Total
GHG emissions from corn stover production and transport
of stover to the ethanol facility were found to be
320–488 kg CO2e t
-1 dry stover under 15 % stover col-
lection, with SOC loss, N2O emissions, and stover harvest
contributing the most to the total impact. A sensitivity
analysis carried out by this research revealed that the
energy and GHG impacts of stover production are
strongly influenced by the mass of stover collected, the
use of a one-pass system, and the choice of allocation
methods. Scaling-up results from the modeled system
suggest that 100 % of Quebec’s EtOH targets could
technically be supplied using corn stover feedstock, but
would have negative impacts on GHG emissions and soil
health [13].
Although biochar is known for its enormous potential as
an alternate energy source, the environmental implications
of its potential role as a tool for mitigation of greenhouse
gas emissions through C sequestration has not been fully
assessed. Consequently, an LCA of biochar production
(pyrolysis) and sequestration (soil amendment) systems is
warranted, as it would be undesirable to have the system
actually emit more GHG than it sequesters, or consume
substantially more energy than it generates [14].
There have been very few LCAs conducted to assess
pyrolysis biochar systems or to quantify the GHG mitiga-
tion potential of biochar. Roberts et al. [15] conducted an
LCA to estimate the energetic, economic, and climate
change mitigation potential of various agricultural residue
or energy crop pyrolysis feedstocks (corn stover, residen-
tial yard waste, and switch grass). They found that corn
stover yielded greater energy generation and lesser GHG
emissions than switchgrass, as well as showing a moderate
potential to be profitable. This evaluation was dependent on
the value of C offsets and feedstock collection costs [15].
An LCA carried out by Gaunt et al. [16], on the energy
and climate impacts of biochar systems operating with
bioenergy crops or crop wastes as feedstocks, showed soil
amendment with biochar to reduce GHG emissions two- to
fivefold more than if used solely as fossil energy offsets.
Roughly half the magnitude of these reductions arose
through the retention of C in biochar. They found the ratio
of energy produced per mass of feedstock to that supplied
to produce biochar through slow pyrolysis were two- to
sevenfold greater than that of comparable technologies
(e.g., ethanol from corn). In particular, low-temperature
slow pyrolysis offers an energy-efficient strategy for bio-
energy production [16].
The overall impacts of biochar for agricultural use were
evaluated by Sparrevik et al. [17] through a LCA for field
sites in Zambia. The study evaluated three different biochar
production methods of traditional earth-mound kilns,
improved retort kilns, and micro top-lit updraft (TLUD)
gasifier stoves with cultivation growth basins and precision
fertilization and compared to conventional agricultural
methods. Although the study found beneficial aspects of
biochar use in conservation farming, conservation farming
plus biochar from earth-mound kilns was found to have
certain negative health impacts due to the particle emis-
sions originating from biochar production. The use of
cleaner technologies such as retort kilns or TLUDs could,
however, overcome this problem. The authors emphasized
the need for a holistic view on biochar use in agricultural
systems [17].
Woolf et al. [18] estimated the maximum sustainable
technical potential of biochar to mitigate climate change.
Their results show that biochar application has the maxi-
mum potential of reducing the annual net emissions of
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CO2, methane, and nitrous oxide by 1.8 Pg CO2 equivalent
(CO2e), and total net emissions over the course of a century
by 130 Pg CO2e, without endangering food security, hab-
itat, or soil conservation [18].
Given the limited extent of these studies, an LCA was
carried out to assess the GHG balance, carbon cycle, and
economics of biochar production from different agricul-
tural residues, using different pyrolysis biochar systems in
the Quebec region.
Methodology
Using original spreadsheets and data derived from a wide
review of literature, carbon flows, greenhouse gases
expressed as carbon equivalents, and energy generated
were monitored. The factors taken into account were type
of feedstock, transport, electricity generation through
pyrolysis, and heat use.
Goal and scope
Assuming biochar production to occur through slow
pyrolysis, total emissions, and emission factors used in
preparing emission inventories and calculating emission
reductions for particular fuels, along with the economics of
biochar production from corn stover or forest residues were
estimated. For a given pyrolysis system the LCA estimated
the production of biochar based on 1.0 Mg of dry biomass.
The reference flows for this system, as implemented
through a methodology developed in Microsoft Excel, were
considered to be the mass and carbon content in the bio-
mass feedstock.
1. Feedstocks
As suggested by Hammond et al. [19], feedstocks were
selected on the basis of their suitability for pyrolysis, and
the quantity of source material available in Quebec pres-
ently, and over the past 5 years.
2. System boundaries
Studies of biochar systems’ wide-ranging applications—
including carbon sequestration, reduction of carbon-con-
taining GHG emissions, energy production, soil enhance-
ment, and in some cases, waste disposal—have highlighted
such systems’ importance [15, 19]. It was beyond the scope
of this study to consider all possible boundaries associated
with the production and application of biochar to soils. The
objective of drawing such boundaries was to allow for the
determination of factors in three categories: sources of
GHG, GHG sinks, and variables (GHG emissions, Avoided
emissions, Energy offsets) considered in the LCA (Fig. 1).
Inventory
The biochar considered for this LCA finds its use as a soil
amendment produced through slow pyrolysis in pyrolysis
units. The biochar produced is then transported to the farm
for sequestration in soil. The LCA considered the following
processes:
Fig. 1 Biochar LCA flow
diagram
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(a) Feedstock analysis The feedstocks considered were
corn fodder (corn stalk without the kernels and the
ears; treated as waste) and forest residues. Biochar
production data for Quebec was drawn from Statis-
tics Canada [20]. Energy use/production and green-
house gas emissions were calculated according to
IPCC guidelines (1996) for GHG estimation [21].
(b) Pyrolysis The pyrolysis conditions and parameters
chosen for this study were those of slow pyrolysis as
optimized by Dutta et al. [10]. Slow pyrolysis
conditions constituted heating rate of 20 C/min at
optimal pyrolysis temperature and residence time of
400 C for 12 min.
(c) Transport The transport data were gathered from the
North East Biofuel Supply Chain Carbon Intensity
Assessment [22] and calculations were based on the
transport of 25.5 Mg of feedstocks from the field to
the pyrolysis facility using a heavy-duty diesel truck
with no backhaul [19]. The return trip loaded with
the finished biochar product was accounted for in the
biochar application process. Though the transport
distance varied, based on requirements in Quebec, a
return trip baseline of 200 km was used.
(d) GHG sinks Heat and electricity generation were
considered to be the two main GHG sinks in the
present study and were included as energy offsets or
co-products in the biochar production process.
Impact assessment
Computational spreadsheets were developed around the
factors defined in the goal and scope, and drawing upon
data derived from a wide review of the literature. The
impact assessment consisted of deriving the GHG carbon
equivalent and net energy generated or consumed during
the progression of biochar production through the steps of
feedstock accumulation, transport, and pyrolysis. In turn,
this was used to calculate the climate change impacts of
each process. The net climate change impact was calcu-
lated as the sum of ‘‘CO2e sequestered’’ and ‘‘CO2e
emissions’’.
Economic assessment
An economic assessment estimated the cost/revenue con-
tribution of each process in the biochar life cycle. As in
earlier studies [15, 19], the main costs arose from feedstock
collection, pyrolysis, and transport, while the revenues
generated arose from the value of the biochar and the
reduction in GHG emissions. In valuing GHG offsets, only
the stable carbon in the biochar was considered.
Two revenue scenarios were investigated: low revenue
($20 Mg-1 CO2e) and high revenue ($80 Mg
-1 CO2e)
based on the IPCC definitions. The net profit of
the biochar production system was calculated on the
basis of a unit biomass of 1.0 Mg dry weight (d.w.) [15]
in Eq. 1:
NP ¼ BC þ E  F  T  O  C  A; ð1Þ
where,
NP is the profit associated with 1.0 Mg d.w.,
BC is the value derived from the biochar,
E is the value of the energy created in the process,
F is the cost of producing and collecting the feedstock,
T is the transportation cost for both the feedstock and
the biochar product,
C is the capital cost associated with processing a unit of
the feedstock,
O is the operating cost incurred for processing a unit of
feedstock,
A is the cost of applying the biochar to the field.
The BC value was calculated as in Eq. 2 (adapted from
Roberts et al. [15]):
BC ¼ pPqcP þ pKqcK
þ ad pPqBaseP þ pKqBaseK þ pNqBaseNð Þ
þ pGHGqGHG, ð2Þ
where
pK, pN, pP are, respectively, the price of
potassium, nitrogen, and phosphorus
fertilizers,
qGHG and pGHG are, respectively, the quantity of
GHG reductions associated with the




are, respectively, the average
quantities of potassium, nitrogen,
and phosphorus fertilizers applied to
a corn crop under standard, biochar-
free cultural conditions,
qcK, and qcP are, respectively, the quantity of
potassium and phosphorus in the
biochar,
a is a conversion factor (0.14 ha Mg-1
biochar) based on the assumption of a
biochar having a 67.68 % carbon
content (w/w) being applied at a rate
of 5 Mg C ha-1,
d is the difference in fertilizer uptake
efficiency between soil amended with
biochar and soil without biochar.
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In calculating the biochar’s value, all of the biomass’ P
and K were assumed to remain present in the biochar, but
made available to plants when the biochar was used as a
soil amendment. The quantities of N, P, and K for forest
residues and corn fodder were collected from various
sources [23, 24], while their prices were determined based
on fertilizer prices of $0.80 kg-1 P2O5, $1.60 kg
-1 N, and
$0.75 kg-1 K2O [25].
The energy generated through biochar production served
to counterbalance the energy spent during the pyrolysis
process and was expressed as equivalents of a conventional
form of energy: in this case, natural gas. The Canadian
mean natural gas prices for all sectors (Henry Hub pricing
for December, 2012) were $2.88/mm BTU or $1.04 m-3
[26]. Syngas energy was valued at $42.81 Mg-1 (d.w.) for
corn fodder feedstock [15] and $30.0 Mg-1 (d.w.) for
forest residue feedstock [27]. Transport costs accrued with
the progress of biomass transport from the field to the
pyrolysis unit and of biochar from the pyrolysis unit to the
field. The total transport costs for corn fodder and forest
residues were $20.22 and $15.17 Mg-1 (d.w.) [15, 28].
Biochar application costs (A) included implement cost,
fuel, and labor, at $26.69 ha-1 or 5 Mg C ha-1, or
$3.62 Mg-1 biochar. The operating and capital costs were
calculated collectively based on figures reported by McCarl
et al. [29], which included both pre-treatment and pyrolysis
operational costs. These figures were chosen as being the
highest among the most conservative estimates of pyrolysis
facility costs.
Improvement assessment
The results of this study were used to quantify the effects of
the application of biochar produced in the pyrolysis process
in soil sequestration as well as a tool for climate change
mitigation through reduction of GHG emissions. Thus the
improvement assessment was carried out in the context of
biochar production.
Results and discussion
Greenhouse gas emissions balance
A comparison of total GHG emissions from corn fodder
and forest residue feedstocks and conventional fuel sources
(natural gas and petroleum) [3] showed the former to
generate much lower emissions than the latter (Fig. 2).
Expressed on a percent reduction basis, GHG emissions
from corn fodder and forest residues, respectively, were
94.2 and 92.9 % less than those for natural gas, and 89.4
and 87 % less than those for petroleum. It is interesting to
note that a complete consideration of all emissions from
using natural gas would place it at a far less attractive
position than petroleum and not significantly better than
coal in terms of the consequences for global warming.
Some of these considerations are natural gas obtained from
hydrofracking which is estimated to have 60 % more
emissions than for diesel fuel and gasoline, additional
emissions of greenhouse gas occur during the development,
processing, and transport of natural gas as well as the
leakage of methane gas during production, transport, pro-
cessing, and use of natural gas [30].
Greenhouse gas (GHG) emissions are most commonly
calculated using emissions factors; these values relate the
quantity of an emission with an associated activity [3].
Emission factors for corn fodder and forest residues were
marginally lower than that for natural gas, but substantially
lower than that for petroleum (Fig. 3). Although GHG
emissions were greater for natural gas than petroleum, the
burning of natural gas emits less carbon dioxide than from
Fig. 2 Comparison of total emissions (per Mg of fuel) between
traditional fuel sources and biofuels
Fig. 3 Comparison of emission factors between traditional fuel
sources and biofuels
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burning coal per unit of energy generated, which results in
lower emissions factors for natural gas [30].
Improvement assessment
The effect of the balance of biochar vs. syngas as primary
end product of biofuel production on GHG emissions from
the chosen feedstocks was evaluated by calculating the
percent difference between GHG emissions associated with
the production of biochar and that of biofuels produced
without biochar coproduction. Percent abatement of GHG
emissions with biochar vs. syngas production was 1.47 and
1.77 % for corn fodder and forest residues, respectively
(Fig. 4). In the context of the 14 % of global CO2 emis-
sions coming from agriculture, this reduction of approxi-
mately 2 % through the incorporation of biochar co
production would play a significant role in the climate
change mitigation efforts. In the case of emission factors,
the percent reduction in emission factors for biochar (vs.
syngas) production was roughly 13 % for both feedstocks
(Fig. 5).
Contribution analysis
A contribution assessment of the processes involved in
these biochar systems indicated that GHG emissions
associated with the pyrolysis stage were the highest, con-
tributing 51.2 and 47.3 % of total emissions for forest
residues and corn fodder, respectively (Fig. 6). This cor-
roborates the findings of studies in which different feed-
stocks were compared [15, 16]. While a number of studies
have shown that land-use changes and field emissions
associated with feedstock production were the dominant
processes contributing to GHG emissions [15, 16], the
Fig. 4 Effect of biochar
production on biomass fuel net
GHG emissions
Fig. 5 Effect of biochar
production on biomass fuel
emission factors
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present research did not consider land-use change as a part
of the feedstock production process. Other factors which
may contribute to GHG emissions include transportation of
biomass and biochar, and the use of machinery involved in
biochar production and biochar application.
It has been suggested that the pyrolysis stage’s propor-
tionately greater contribution to GHG emissions arises
from the gaseous emissions which make up part of the
syngas during pyrolysis. In general, the process of pyro-
lysis is endothermic for temperatures \280 C and
becomes exothermic between 280 and 350 C, where char
formation takes place. Beyond [350 C, the process once
again becomes endothermic, consisting of a devolatiliza-
tion stage [11, 31].
During the endothermic processes, initial energy loss is
linked to the initiation of pyrolysis as well as emissions
during the devolatilization process. It is assumed that
roughly 10 % of total energy available for conversion to
electricity is required in the process and that a further
10–15 % is lost in the process, partially accounting for
start-up fossil fuel [11].
Emissions avoided balance
The net GHG emission reductions or carbon sinks in the
life cycle of biochar systems included are reductions due to
the avoidance of fossil fuel production and combustion, the
generation of electricity and heat by the pyrolysis process,
and the sequestration of stable biochar-C upon its use as a
soil amendment. Reduction in emissions from corn fodder
pyrolysis associated with soil sequestration of stable carbon
and the sink represented by the electricity and heat gen-
erated were 38.6 and 44.3 % greater, respectively, than
those achieved with forest residues (Fig. 7).
A GHG emissions balance for the different components
of the biochar system cycle (Fig. 8) shows that in the case of
both feedstocks, transport emissions accounted for very
little of the overall emissions. Barely noticeable alone, heat
offsets were combined with the electricity generation offset
to become a significant source of GHG emissions reduction.
Thus the GHG emissions balance analysis found that the
optimization of a biomass pyrolysis system towards biochar
production is better suited for soil sequestration of stable
carbon than for the production of a fuel source. These
findings concur with the conclusions of several other studies
[16, 19]. This in turn would support the implementation of
biomass pyrolysis units associated with biochar amend-
ments to agricultural soil as a strategy to reduce greenhouse
gas emissions and deliver environmental benefits.
The net avoided emissions were calculated as the total
emission abatement from biomass generating pyrolysis
with biochar applied to soil and electricity generation
minus the sum of emissions from feedstock handling,
pyrolysis emissions, and transport emissions. While total
GHG emission reductions through soil amendment with
biochar and electricity and heat generation during pyrolysis
were higher for corn fodder than forest residue (Fig. 9),
total emissions were also higher for corn fodder. As a
result, the net reduction in emissions (Gg CO2e Mg
-1 of
feedstock) for forest residue was greater, making it a more
suitable source for biomass pyrolysis for GHG reductions.
Economic assessment
In the low revenue scenario ($20 Mg-1 CO2e; Fig. 10), net
costs incurred for biochar production through pyrolysis of
Fig. 6 Analysis of life cycle
stages contributing to GHG
emissions in percentage (kg
CO2e/t feedstock d.w.): a forest
residues, b corn fodder
Fig. 7 Comparison of reduction in emissions (Carbon sinks) for
forest residue and corn fodder
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both corn fodder and forest residue were $43 and
$66 Mg-1 biomass (d.w.), respectively, indicating that
these systems’ economic viability remained quite poor.
Comparatively, for the high revenue scenario ($80 Mg-1
CO2e), forest residue continued to be a poor economical
option with net costs of $9 Mg-1 biomass, whereas corn
fodder showed gains of $26 Mg-1, indicating a moderate
potential for economic viability (Fig. 10).
Although the biochar systems for both feedstocks do
provide energy offsets in terms of electricity and heat as
well as help in GHG abatement, their economic potential
requires further improvement. An analysis of the net costs
of each life cycle stage for the low and high revenue
options (Fig. 11) indicates that the cost of feedstock
collection and operating costs of the biochar production
unit were the main impairment to financial viability.
Despite both the feedstocks incurring similar levels of
costs during the ‘‘expenditure’’ stages, corn fodder is a
more suitable candidate given its higher biochar value
(Fig. 11). It is interesting to note that transport costs have
very little effect on the net costs for either revenue
scenario.
Results indicating that corn fodder is one of the more
economically feasible feedstocks have been widely repor-
ted. Roberts et al. [15] found that the late corn stover had a
greater economic viability than even high-energy alterna-
tives like switchgrass, which was not found to be profit-
able. The authors surmised that this was due to the low
value associated with the latter’s reduction of CO2e units.
Furthermore, if we compare the biochar systems of corn
fodder and forest residue (Fig. 12), it is interesting to note
that although their potential to reduce GHG emissions is
almost equivalent, the net terms of profits associated with
corn fodder makes it a more suitable candidate and would
allow it to gain better carbon credits in a competitive
market scheme.
Fig. 8 Relative GHG emissions
for different components of the
biochar system cycle
Fig. 9 Comparison of GHG balance for corn fodder and forest
residue
Fig. 10 Net gains or losses ($ Mg-1) for each feedstock
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Conclusion
This research highlights the importance of a life cycle
analysis to estimate the full life-cycle GHG emission bal-
ance and economic feasibility of biochar systems. This
analysis was conducted based on various optimized pyro-
lysis parameters for agricultural wastes of corn fodder and
forest residue. The GHG emissions avoided for both corn
fodder and forest residue showed a reduction in emissions
(CO2e Mg
-1 feedstock d.w.). The stabilized carbon in the
biochar was the main contributor to these reductions. The
reductions in emissions attributable to soil sequestration of
stabilized carbon in biochar (C sink) and to electricity and
heat generation during pyrolysis were, respectively, 38.6
and 44.3 % greater for corn fodder than forest residue. A
relative GHG analysis found that the optimization of a
B
AFig. 11 Comparison of net
costs ($ Mg-1) by life cycle
stage for two feedstocks and
two revenue scenarios: a low,
b high
Fig. 12 Comparison of feedstocks: economic vs. GHG balance
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biomass pyrolysis system for biochar production to be
better suited to soil sequestration of stable carbon than as a
fuel source. The economic viability of the pyrolysis-bio-
char system is largely dependent on the costs of feedstock
production, pyrolysis, and the value of C offsets. Corn
fodder at a net cost of $26 Mg-1 feedstock showed a
moderate potential for economic viability compared to
forest residue.
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